Abstract. Exosomes are a family of bioactive vesicles that are secreted from various types of cell, including tumor cells. Exosomes derived from breast cancer cells have been demonstrated to perform important functions in tumor progression in vitro and in vivo. However, few studies exist regarding the function of exosomes in CD133
Introduction
Exosomes are vesicles of 30-100 nm in length, that were first identified in the 1980s and are secreted by a wide range of mammalian cell types, including cancer cells (1) . Studies have demonstrated that tumor-derived exosomes may produce a double-effect in tumor pathology. One study by Wolfers et al (2) demonstrated that tumor antigens can be transferred by exosomes from tumor cells to dendritic cells (DCs), and thus function in antigen cross-presentation. Like DC-derived exosomes, exosomes from tumor cells carry major histocompatibility complex molecules along with tumor-specific antigens expressed in the parental tumor cells, including melan-A/MART1, mesothelin (3), silv (2) and carcinoembryonic antigen (4) , which can be recognized by T cells. Together, these studies suggest that tumor-derived exosomes may be a novel candidate for tumor vaccine development. By contrast, a large number of studies have indicated diverse immunosuppressive effects of exosomes from tumor cells, including suppression of effector T cell activity (5) , induction of apoptosis in activated T cells (6) and natural killer cells (7) , modulation of differentiation in myeloid cells (8) , and functional enhancement of regulatory T cells.
CD133 is a marker of cancer stem cells and its expression is associated with poor prognosis and chemoresistance in several types of solid tumors, including breast cancer (9) . However, there is little evidence of the effects of tumor-derived exosomes on the CD133 + stem cell-like tumor cells. The current study aimed to determine the effect of 4T1 breast cancer cell line-derived exosomes on the proliferation and apoptosis of CD133 + 4T1 cells.
Materials and methods
Cell culture. The 4T1 mouse mammary carcinoma cell line was obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) plus 100 U/ml penicillin and 100 µg/ml streptomycin. NMuMG mouse mammary gland epithelial cells (American Type Culture Collection) were cultured in DMEM supplemented with 10% FBS with 10 µg/ml insulin, 100 U/ml penicillin and 100 µg/ml streptomycin. All culture reagents were obtained from Invitrogen (Carlsbad, CA, USA). For exosome isolation, 4T1 and NMuMG cells were cultured in medium with exosome-free FBS (exosomes in FBS were removed by ultracentrifugation at 100,000 x g overnight at 4˚C).
Exosome purification. Exosomes from 4T1 cells (4T1-Exo) or control exosomes from NMuMG cells (NMuMG-Exo) were isolated using a Total Exosome Isolation kit (#4478359) purchased from Invitrogen. Briefly, culture media were collected and centrifuged at 2,000 x g for 30 min to remove cells and debris. The required volume of cell-free culture media was transferred to a fresh tube, and 0.5X volumes Western blot analysis. Exosomes were lysed with lysis buffer and boiled. Proteins were quantified by a Lowry assay using Bio-Rad Protein Assay kit I (Bio-Rad, Hercules, CA, USA).
Lysates were subjected to SDS/PAGE (10% gel) and the proteins were transferred on to a polyvinylidine fluoride membrane (Life Technologies, Grand Island, NY, USA). Subsequent to immunoblotting with antibodies, including rat anti-mouse CD9, goat anti-mouse CD63 and goat anti-mouse CD81 (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), the reaction product was revealed with an Amersham ECL Western Blotting system (GE Healthcare Life Sciences, Chalfont, UK).
CD133
+ cell sorting. To isolate the CD133 + and CD133 -fractions, 4T1 cells were resuspended in Hank's Balanced Salt Solution (HBSS; Gibco-BRL, Carlsbad, CA, USA) containing 2% FBS and 10 mM HEPES (Fisher Scientific, MA, USA ). The cell density was adjusted to 1x10 7 /ml and the 4T1 cells were stained with fluorescein isothiocyanate-conjugated human anti-mouse CD133 IgG antibody (#130-105-226; Miltenyi Biotec, Inc., Cambridge, MA, USA). Subsequent to staining, the 4T1 cells were resuspended in HBSS containing 2% FBS and 1 mM HEPES, filtered through a 40-µm mesh filter, and the CD133 + and CD133 -4T1 fractions were sorted by a FACSAria cell sorter II (BD Biosciences, San Jose, CA, USA).
Exosome uptake assays. CD133
+ and CD133 -4T1 cells were cultured in a 4-well chamber for 24 h, then the PKH26 (Sigma-Aldrich)-labeled NMuMG-Exo or 4T1-Exo were added into the wells and incubated with the cells for 12 h at 37˚C. The cells were then washed three times with cold PBS following incubation, fixed in 2% paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) for 2 min at room temperature, washed three times with PBS and stained with DAPI (Life Technologies). Internalization of exosomes was observed under a A1R-A1 Confocal Microscope system (Nikon Corporation, Tokyo, Japan).
Proliferation assay. An ATPlite Luminescence Assay system (#6016941; PerkinElmer, Inc., Waltham, MA, USA) was used to identify levels of proliferation in CD133 + and CD133 -4T1 cells following incubation with the 4T1-Exo and NMuMG-Exo. Briefly, CD133
+ or CD133 -4T1 cells (5x10 4 ) were cultured in 24 well plates for 24 h and then the 4T1-Exo and NMuMG-Exo (10 µg) were respectively added and incubated for 24 or 48 h. Mammalian cell lysis buffer (50 µl) was added to each well and the wells were shaken in a orbital shaker at 250 x g for 5 min. Then, 50 µl substrate solution was added to the wells and the plate was shaken at 700 rpm for another 5 min. The plates were dark adapted for 10 min and the luminescence was measured.
Apoptosis assay. The 4T1 cells were treated with doxorubicin (1 µM) to induce apoptosis, with or without 10 µg NMuMG-Exo or 4T1-Exo for 12 h, and then Annexin V/propidium iodide (PI) staining was performed to quantify the apoptosis levels in 4T1 cells. In brief, 4T1 cells were harvested and washed twice with PBS, and then resuspended in 1X binding buffer (BD Biosciences) at a concentration of 1x10 6 cells/ml. Cells were incubated with fluorescein isothiocyanate labeled anti-Annexin V antibody (5 µl, eBioscience, San Diego, CA, USA) for 15 min at room temperature. After washing with binding buffer, the cells were resuspended in 200 µl binding buffer. PI staining solution (5 µl, eBioscience) was added and the cells were analyzed using a BD Accuri C6 flow cytometer (BD Biosciences) within 1 h.
Statistical analysis.
One-way analysis of variance was used to determine statistical significance using Graphpad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 and P<0.01 were considered to indicate a statistically significant difference.
Results

Characterization of exosomes.
The exosomes secreted by the NMuMG and 4T1 cells were isolated from serum-free culture supernatants using the exosome isolation kit as mentioned above. TEM was performed in order to observe the morphology of exosomes, and the size of the particles were determined from the images to be ~100 nm (Fig. 1A) . Western blot analysis was also performed to detect the exosomal marker proteins. The exosomal marker molecules CD63, CD81 and CD9 were detected in the exosome preparations derived from the NMuMG and 4T1 cell lines (Fig. 1B) . The size distribution (Fig. 1C) and surface ζ potential (Fig. 1D) were also determined with the ZetaSizer Nano 
Exosomes from NMuMG or 4T1 cells are internalized by the CD133
+ and CD133 -4T1 cells. NMuMG and 4T1 cell-derived exosomes were purified and characterized by size distribution, surface ζ potential and morphology using the TEM microscope. The uptake of exosomes by CD133 + and CD133 -4T1 cells was then examined. Exosomes were labeled with PKH26 as described in the methods. Next, 5 mg exosomes were incubated with the 4T1 cells. After 12 h, the uptake of exosomes was imaged and the results indicated that the NMuMG ( Fig. 2A and 2B ) and 4T1 cell-derived exosomes ( Fig. 2C and 2D) -cells (Fig. 3B) .
Exosomes from 4T1 cells inhibit apoptosis of CD133
+ and CD133 -4T1 cells. As presented in Fig. 3 , it was demonstrated that exosomes from 4T1 cells significantly promoted the proliferation of CD133 + cells but had no effect on the proliferation of the CD133 -cells. Therefore, the effect of exosomes on apoptosis of 4T1 cells was investigated. Following treatment with doxorubicin, Annexin V/PI staining was performed to quantify the apoptosis levels of 4T1 cells. The percentages of cells in each group were determined and presented as the mean ± standard error. As shown in Fig. 4A , apoptosis of CD133 + 4T1 cells was markedly suppressed by 4T1 cell-derived exosomes following treatment with doxorubicin (early apoptosis, * P<0.05; late apoptosis, ** P<0.01). In contrast to the proliferation data, the apoptosis of CD133 -4T1 cells was also inhibited by 4T1 cell-derived exosomes to a certain extent ( Fig. 4B ; * P<0.05).
Discussion
Cell-to-cell communication is required for appropriate coordination among the different cell types in one organism. Cells may communicate with each other through soluble factors, through adhesion molecule-mediated cell-to-cell interactions, including cytonemes that connect neighboring cells, enabling ligand-receptor-mediated transfer of surface-associated (12) , facilitation of tumor invasion and metastasis (13) , and the promotion of tumor survival by transportation of RNA and protein (14) . Diverse immunosuppressive effects of tumor-derived exosomes have been identified. Certain tumor cell lines are able to produce exosomes expressing death ligands, such as FasL and TRAIL, which can trigger the apoptotic death of activated T cells (15, 16) . Additionally, Epstein-Barr virus-infected nasopharyngeal carcinoma has been demonstrated to release exosomes containing high levels of galectin-9, which induces apoptosis of mature Th1 lymphocytes subsequent to binding with the membrane receptor Tim-3 (17) . Exosomes from murine-derived GL26 cells promote glioblastoma tumor growth by reducing the number and function of CD8 + T cells (18) . Another study demonstrated that human melanoma-and colorectal carcinoma cell line-derived exosomes are also able to regulate monocyte differentiation into DCs toward the generation of myeloid-derived suppressor cells, and exert a TGF-β1-mediated suppressive function on T cells in vitro (19) . In addition to the suppression of the antitumor immunity, tumor-derived exosomes also contribute to the establishment of a premetastatic niche, generating a suitable microenvironment in metastatic sites by regulation of stromal cells, stimulating angiogenesis and remodeling the extracellular matrix (20) . Protein and RNA, particularly miRNAs transported by exosomes to target cells, are another effective approach for cell-to-cell communication (21) . There are few studies regarding the effects of tumor-derived exosomes on tumor stem cells. However, Cho et al (22) reported that exosomes from ovarian cancer cells induce adipose tissue-derived mesenchymal stem cells to acquire the physical and functional characteristics of tumor-supporting myofibroblasts, and that exosomes from breast cancer cells can convert adipose tissue-derived mesenchymal stem cells into myofibroblasts via a SMAD-mediated pathway. Myofibroblasts are a key source of matrix-remodeling proteins within the tumor microenvironment and thus participate in tumor angiogenesis.
To the best of our knowledge, the present study was the first to assess the function of 4T1 mouse breast cancer cell-derived exosomes on CD133 + 4T1 cells in vitro. Uptake results indicated that exosomes from 4T1 cells were taken up by the CD133 + and CD133 -4T1 cells. The in vitro proliferation assay demonstrated that the exosomes from 4T1 cells significantly enhanced proliferation of CD133 + but not CD133 -4T1 cells. Also, the level of apoptosis in CD133 + 4T1 cells following treatment with the apoptosis-inducing drug, doxorubicin, was significantly suppressed by 4T1-derived exosomes whilst CD133 -4T1 cells were not. This phenotype suggests that tumor-derived exosomes may function as protumorigenic factors by promoting the proliferation and suppression of apoptosis of CD133 + tumor stem cells. The current study provides further understanding of the communication between tumor-derived exosomes and target cells.
